reduce its invasion into creeping bentgrass putting greens. In general, a Zn level of 20 to 55 mg·kg -1 DW in shoot tissue is considered to be sufficient for turfgrasses (Jones, 1980) . Boehle and Lindsay (1969) reported a Zn concentration range of 40 to 200 mg·kg -1
. Davis and Beckett (1977) found that a Zn concentration of 221 mg·kg -1 in shoot tissue of perennial ryegrass (Lolium perenne L.) caused phytotoxicity. However, Spear and Christians (1991) found that a Zn level of 1500 mg·kg -1 in shoot tissue had no deleterious effects on Penncross creeping bentgrass [Agrostis stolonifera L. (CB)]. 'Merlin' red fescue (Festuca rubra L.) was able to tolerate higher shoot tissue Zn concentrations than other red fescue cultivars, tall fescue (Festuca arundinaceae L.), Kentucky bluegrass (Poa pratensis L.), and perennial ryegrass (Chaney, 1993) . Turfgrass species, cultivars, and genotypes differ in their ability to acquire or utilize Zn.
Many genotypes of annual bluegrass exist on putting greens (Mitich, 1998) . Some genotypes are prolific producers of seedheads, while others flower infrequently or not at all. These annual bluegrasses belong to two subspecies: Poa annua sp. annua and Poa annua sp. reptans. The Poa annua sp. annua is a true winter annual while Poa annua sp. reptans is a short-lived perennial that makes a very good species for putting greens (Huff, 1999) . However, no information is available on the Zn requirements of these annual bluegrass subspecies.
The objectives of this study were to determine the color and growth responses of different genotypes of annual bluegrasses and compare them with those of creeping bentgrass, as well as to determine if inter-and intraspecific differences exist.
Materials and Methods
To reduce the effects of genetic variation on response, three parents of the cultivar Penncross were used to represent the genotypes of creeping bentgrass. They were designated as BCB, RCB, and WCB (Table 1) . The six genotypes of annual bluegrass originated from selections made from putting greens at the Oakmont Country Club in Oakmont, Pa. by David Huff (Dept. of Agronomy, The Pennsylvania State Univ., University Park, Pa.). The annual bluegrass genotypes were morphologically categorized according to flowering frequency, leaf texture, and leaf color. Genotypes 11G-2, 18G-1, and 18G-2 were categorized as frequently flowering (FAB) and genotypes 9G-1, 9G-6, and 11G-6 as infrequently flowering or vegetative annual bluegrass (VAB). Flowering frequency was measured by the percentage of major flowering tillers. Leaf texture was determined by measuring the width of the first expanded leaf. Color was visually evaluated using a rating scale of 1 to 9.
Tillers of clonally propagated plants were transplanted into containers (12.5 cm in length × 2.5 cm in diameter) filled with white silica sand (U.S. Silica, Mapleton, Pa., particle size 0.15-1.0 mm; 99.2% to 99.9% SiO 2 ). The plant material was established for 6 weeks using a Zn-deficient half-strength Hoagland's nutrient solution adjusted to pH 5.5-6.0 Annual bluegrass is a weed species found in many turf areas, but is so competitive it can become a major component of a turf stand. Many efforts have been made to control annual bluegrass in creeping bentgrass putting greens (Baldwin, 1993) . Despite these efforts, this weed quickly invades most putting greens, and, over time, can become the predominate turf species. As a result, many golf course superintendents simply choose to manage annual bluegrass as a turf species rather than a weed on their greens (Huff, 1999) .
One major problem encountered in managing annual bluegrass on greens is a lack of information regarding its nutrient requirements. Zinc (Zn) is an essential plant micronutrient that is required in the synthesis of growth hormones and proteins (Marschner, 1995) . Knowing the Zn requirements of annual bluegrass will help turf managers and scientists to develop a fertilizer program to either facilitate annual bluegrass growth or to Frequently Fine Light green z NA = Not applicable; infrequently flowering annual bluegrasses (VAB) have ≤10% flowering tillers; frequently flowering annual bluegrasses (FAB) have ≥50% flowering tillers. y Medium texture = 1.8-2.5 mm, coarse = 2.5-3.5 mm, and fine ≤1 mm in leaf width.
x Color visually determined on clonal plant materials grown under identical greenhouse conditions. (Hoagland and Arnon, 1950) in deionized distilled water. Greenhouse conditions were 25 °C day/15 °C night under natural light and daylengths.
After establishment, the plants were clipped to a 1-to 2-cm height and the Zn treatments were initiated. Zinc and genotype treatments were arranged in a split-plot experimental design with Zn as the main-plot factor and genotype as the subplot factor. There were four Zn treatments, nine genotypes, and four replications. Zn treatments were applied for 3 weeks by irrigating the turf every other day with 0, 2.5, 5.0, and 40 mg·kg -1 Zn as ZnSO 4 . The selection of Zn treatment levels was based on the maximum allowable Zn in irrigation water (Ayers and Westcott. 1985) . The plants were not clipped during the entire period of Zn treatment. The entire experiment was repeated twice.
Data were collected for leaf color, shoot and root production, and shoot tissue Zn content. Visual color ratings were taken when acute deficiency or toxicity symptoms appeared, or 3 weeks after treatment initiation. Color was visually evaluated using a rating scale of 1 to 9, with 1 = yellow, 6 = acceptable green color, and 9 = very dark green color. Shoot fresh and dry weights, and root dry weight were measured at the end of each experiment. Shoot dry weights were determined after samples were oven-dried at 80 °C for 48 h. Root dry weights were obtained after roots were carefully hand-washed in tap water and oven-dried. The dried plant tissue was then ground to pass through a 40-mesh screen (Thomas-Wiley mill, model 3383-L10; Arthur H. Thomas Scientific Apparatus, Philadelphia). Shoot tissue Zn content was determined by acid-ashing (Doty et al., 1982) and flame atomic absorption spectrophotometry (Video 22 Photometry Adsorption; Thermo Jarrell Ashe, Franklin, Mass.).
The data from the two experiments were compared to test for significant differences at each treatment level. No differences were found between the experiments, so the data from both experiments were combined and subjected to analysis of variance (ANOVA) in a split-block design using SAS ANOVA (SAS Institute, 1996) . The significance of the whole plot (Zn) effect was tested using the genotype × block error term. The sub-plot (genotype) effect was determined using the genotype × Zn treatment × replication error term. Inter-or intra-specific differences within each Zn treatment level were determined using Fisher's protected LSD (P ≤ 0.05). The response of each genotype or group of genotypes, was determined using regression analysis and the SAS general linear model (GLM) procedure (SAS Institute, 1996) .
Results
Color. Each genotype showed a significant quadratic response to increasing levels of Zn (Table 2) . Color was the only parameter where differences existed among genotypes within CB, VAB, and FAB. In the absence of Zn, leaf color ratings were unacceptable (<6) in two of the three parents of Penncross, and in all of the AB genotypes. Deficiency symptoms appeared as a light green color on the younger leaves of the plants. Although considered unacceptable, the VAB genotypes 9G-1 and 9G-6 had significantly higher color ratings than did VAB genotype 11G-6. The color of the latter genotype was similar to that of the FAB genotypes.
All genotypes of CB and AB had better than acceptable turf color when Zn treatment level was increased from 0 to 2.5 or 5.0 mg·L -1 (Table 2 ). The VAB genotypes 9G-1 and 9G-6 had very good color ratings (>7.0), while 11G-6 had lower color ratings that were similar to the CB genotype BCB and the FAB genotypes 11G-2 and 18G-2. Color ratings declined significantly when plants were exposed to Zn at 40 mg·L -1 , especially for CB genotype WCB, VAB genotype 11G-6, and FAB genotype 11G-2. The loss of turfgrass color at this high Zn concentration first began as chlorosis on younger leaves, followed by a yellowing of all leaves.
Shoot growth. No differences were observed within species for shoot fresh and dry weights. Therefore, the genotypes were grouped for further data analysis (Table 3) .
Shoot fresh weight data were highly variable. Fresh weights were greater for CB and VAB than for FAB at each Zn concentration tested except 40 mg·L -1 (Table 3 ). At this high Zn level, shoot fresh weight was higher for VAB than for CB and FAB, in which values were similar. When analyzed across Zn treatment levels, only CB had a significant linear, negative response to increasing Zn levels ( Table 3 ). The fresh weight of the AB biotype was not significantly affected by Zn treatment level because of the large variability in shoot fresh weights.
The variability observed in shoot fresh weight was not as evident for shoot dry weight (Table 3) . A quadratic growth response with increasing Zn levels was measured for all the plant materials tested. Highest shoot dry weights occurred at 2.5 and 5.0 mg·L -1 Zn. Within every Zn treatment level except 40 mg·L -1 , CB produced the highest shoot dry weight, followed by VAB and then FAB. Within the 40 mg·L -1 Zn treatment level, CB shoot dry weight declined considerably and became similar to that of VAB. At this high concentration, shoot dry weight of CB was lower than that of the untreated controls. Although dry weight of VAB and FAB also declined at this high level of Zn, it became about equal to that of the untreated controls.
Root production. Creeping bentgrass produced more root dry matter than did VAB and FAB at all Zn levels tested (Table 3) ; the latter biotypes were similar to one another in root production. However, there appeared to be a trend for greater root production with VAB than for FAB. Root production increased linearly as Zn treatment level increased for the AB biotypes, but CB root production remained the same.
Zn concentration in shoots. Concentrations of Zn in shoot tissue differed between the two species. Both VAB and FAB had significantly higher Zn concentrations than did CB at every Zn level tested (Table 3) . No differences between VAB and FAB were detected. Tissue Zn concentration increased linearly in all plant material as Zn treatment level increased (Table 3) .
Discussion
Very little research has been performed on the Zn requirements of CB and AB. Moreover, no literature exists that compares the Zn requirements of vegetative and flowering biotypes of AB. Jones (1980) reported a general Zn sufficiency range of 20 to 55 mg·kg -1 in turfgrass shoot tissue, but Waddington and Zimmerman (1972) reported higher average concentrations of 78 and 61 mg·kg -1 in fieldgrown AB and CB, respectively. In our study, shoot tissue Zn concentrations below ≈20 mg·kg -1 in CB and AB were not adequate for acceptable turf color and shoot growth; this is in agreement with the data of Jones (1980) . However, our sufficiency levels of Zn in shoot tissue for acceptable green color were ≈145 mg·kg -1 in AB and 74 mg·kg -1 in CB, which are higher than the levels reported by Waddington and Zimmerman (1972) , perhaps because they reported average Zn concentrations for an entire growing season. They had reported that leaf tissue Fe concentrations in colonial bentgrass (Agrostis capillaris L.) could average 204 mg·kg -1 , but ranged from 106 to 362 mg·kg -1 depending upon time of year. Table 2 . Genotypic leaf color z differences for three creeping bentgrasses (CB), three vegetative annual bluegrasses (VAB), and three flowering annual bluegrasses (FAB) in response to varying levels of Zn.
Zn treatment (mg·L *** Therefore, the concentrations we report in our study for Zn are probably within the range that these authors found. We also found that both VAB and FAB have similar Zn concentrations in shoot tissue, and that these concentrations are higher than those found in CB exposed to similar levels of Zn. Color and shoot production changed very little as Zn treatment levels increased from 2.5 to 5.0 mg·L -1 . Turner (1993) reported no response of 'Penncross' CB to increasing levels of Zn, and Deal and Engel (1965) reported no change in Kentucky bluegrass sod color and top growth when treated with Zn. However, Deal and Engel (1965) did report an increase in root production of Kentucky bluegrass sod as Zn treatment levels increased. Wu et al. (1981) described no decline in the root production of two hybrid bermudagrasses (Cynodon dactylon L. ×transvaalensis BurttDavy) exposed to Zn at 50 mg·L -1 . Mills and Jones (1996) found that leaf tissue Zn concentrations above 200 mg·kg -1 could result in Zn toxicity symptoms. We found no change in the root production of CB at Zn concentrations up Table 3 . Shoot and root weights, and shoot tissue Zn concentration z of creeping bentgrass (CB), vegetative annual bluegrass (VAB), and flowering annual bluegrass (FAB) in response to varying levels of Zn. to 40 mg·L -1 , while response of VAB and FAB to increasing Zn levels was positive and linear. Therefore, CB and AB appear to have different root growth responses to Zn, while VAB and FAB have similar responses. Also, the negative effects of high levels of Zn on both CB and AB appear to be confined to the shoots. Chlorosis from high Zn levels could be an induced deficiency of magnesium or iron because their ion radii are similar to that of Zn (Chaney, 1993) .
Based on our color and growth data, shoot tissue Zn concentrations that were associated with the best combination of CB, VAB, and FAB were 73.0 to 109.0, 147.2 to 203.3, and 142.3 to 198.0 mg·kg -1 , respectively. Shoot tissue Zn concentrations above these ranges could result in reduced turf color and growth.
